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We exploit the influence of the Coulomb interaction between electrons and holes on the elec- 
tron spin relaxation in a (HO)-GaAs quantum well to unveil excitonic signatures within the many 
particle electron-hole system. The temperature dependent time- and polarization-resolved photolu- 
minescence measurements span five decades of carrier density, comprise the transition from localized 
excitons over quasi free excitons to an electron-hole plasma, and reveal strong excitonic signatures 
even at relatively high densities and temperatures. 
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Shortly after the big bang, the hot gas of negatively 
charged electrons and positively charged protons cooled 
to temperatures below the Rydberg energy and formed 
a new state of matter, called hydrogen atoms. 13.7 bil- 
lion years later, researchers shoot short laser pulses on 
direct semiconductors at liquid helium temperature cre- 
ating a hot gas of negatively charged electrons in the 
conduction and positively charged holes in the valence 
band. The hot carrier gas cools with time by emission of 
optical and acoustical phonons and forms excitons, i.e., 
hydrogen like quasi-particles. These quasi-particles have 
in bulk GaAs a binding energy of 5 meV and strongly 
influence the photoluminesccnce (PL) spectrum. Con- 
sequently, the PL emission at the exciton transition en- 
ergy has been used as an indicator for the existence of 
cxcitons[l] - as the emission and absorption lines of hy- 
drogen are used in astronomy. However, S. Koch and 
coworkers demonstrated within the framework of many 
body semiconductor Bloch equations that distinct exci- 
tonic like emission lines from an electron-hole plasma do 
not proof the existence of excitons but can be explained 
equally by a Coulomb correlated electron- hole plasma. [2] 

Manyfold interband pump-probe absorption [3], 
reflection [4], and four wave mixing experiments [5], high 
resolution time-resolved PL [6], and experimentally very 
demanding quasi-particle THz spectroscopy [7] have 
been carried out to understand the many-body and 
quantum-optical character and the diligent interaction 
of excitons in an electron-hole plasma but besides fifty 
years of intense research the exciton quest remains a 
fascinating and active field. The challenge in the inter- 
pretation of most interband experiments concerning the 
incoherent exciton population results from the fact that 
the interaction of classical light and matter is induced 
by optical polarization and not directly by incoherent 
population. The challenge in the interpretation of time- 
resolved PL experiments results generally from the finite 
excitation density and that thereby the PL does not 



result from a two but a many particle interaction which 
strongly depends on the frequency-dependent strength 
of light-matter interaction and only to some extend 
on exciton population. Especially THz experiments 
support that excitonic like PL lines exist without the 
population of K=0 excitons. [8] In this letter, we present 
an entirely different experimental approach to study the 
existence of excitons in a two-dimensional electron-hole 
plasma and utilize the electron-hole spin interaction as 
exciton marker. In general, the spin dynamics in GaAs 
quantum wells (QWs) is not an appropriate indicator 
for excitons since the spin of free holes dephases rapidly 
within the hole momentum scattering time due to the 
mixing of heavy hole (HH) and light hole (LH) and the 
electron spin dephases in (OOl)-GaAs-QWs rapidly due 
to the Dyakonov-Pcrel (DP) spin relaxation mechanism, 
i.e., both electron and hole spin relaxation do not 
significantly depend on exciton formation. Fortunately, 
the DP spin relaxation of electrons can be easily sup- 
pressed by the symmetry of the QW. Several groups 
have demonstrated that the DP mechanism vanishes 
in (HO)-GaAs-QWs for electron spins pointing parallel 
or antiparallcl to the growth direction and that the 
Elliott- Yafet and the intersubband spin relaxation (ISR) 
mechanism are inefficient in thin QWs. [9] In the case of 
thin (llO)-QWs, the only remaining significant electron 
spin relaxation mechanisms are the Bir-Aronov-Pikus 
(BAP) and the exciton exchange spin relaxation. [10] 
Very recently, Zhou and Wu have calculated by sophisti- 
cated semiconductor spin Bloch equations that the BAP 
mechanism is at moderate carrier densities surprisingly 
inefficient in two-dimensional samples, [11] i.e., efficient 
electron spin relaxation results in (HO)-GaAs-QWs 
predominantly from excitonic exchange interaction and 
is thereby a clear measure for the existence of excitons 
in an electron-hole plasma. 

In this letter, we study the existence of excitons in an 
electron-hole plasma by measuring the density and tern- 
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FIG. 1: (color online) Initial polarization of the PL of the 
thick QW in dependence on the excitation energy (black 
points). The solid blue lines are the PL of the thick QW (left 
side) and of the thin QWs (middle) with different arbitrary 
units. The dashed red lines are the calculated HH and LH 
transitions of the complete structure (the indices correspond 
to the three lowest energy levels). The light red areas show 
the calculated broadened transition energies due to monolayer 
fluctuations in the thin QWs. 



perature dependence of the electron spin relaxation time 
in an undoped 9 nm (llO)-QW by time- and polarization 
resolved PL. The sample is designed as a novel, opti- 
cal, non-resonant, high efficient spin injection structure 
by sandwiching the 9 nm QW between two 4 nm QWs 
separated by 3 nm Aln.36Garj.64As barriers. We excite 
the sample by circularly polarized, 1.5 ps-pulses from a 
mode- locked Ti: Sapphire laser with at repetition rate of 
80 MHz and a focus diameter of 100 /im. The circu- 
lar polarization yields according to the optical selection 
rules spin polarized electrons whose spin polarization are 
in turn detected by the circular polarization of the PL. 
The PL is detected by a streak-camera system with a 
spectral and temporal resolution of 3 meV and 6 ps, re- 
spectively. The right and left circular polarization of the 
PL (i_ and I + ) arc sequentially detected by a comput- 
erized liquid crystal retarder and a linear polarizer. 

First, we characterize the sample concerning the op- 
tical electron spin injection. Figure 1 shows the initial 
degree of circular polarization Pn = (J_ — /+)/ (I_ + 1+) 
of the thick QW PL in dependence on excitation wave- 
length for a lattice temperature of 10 K. The initial de- 
gree of polarization is extracted from the time-resolved 
degree of polarization by extrapolation to time equal 
zero. This method avoids any influence of laser stray 
light on the degree of PL polarization. The figure clearly 
shows nearly 100 % polarization for quasi-resonant (Ei- 
HHi) and about 30 % polarization for non-resonant ex- 
citation of the wide QW and about 75 % polarization for 
resonant excitation (E2/3-HH2/3) of the thin QWs. [12] 



The latter proves that the electrons' spin is conserved 
while tunnelling from the thin into the thick QW. The 
carrier tunnelling time is < 3 ps as measured from the 
thin QW PL decay time at non-resonant excitation. The 
electron spin polarization is not 100% for resonant ex- 
citation of the HH transition of the thin QWs since we 
also excite the continuum of the wide QW. The degree of 
the initial PL polarization remains constant at 75 % for 
temperatures up to 70 K and decreases for higher tem- 
peratures exponentially to 22 % at 200 K. The degree of 
polarization decreases with increasing temperature since 
the LH contribution rises and, in the case of resonant 
excitation of the thin QWs, due to the decrease of the 
excitonic enhancement of the HH transition. We want to 
point out that such a high efficient optical spin injection 
structures not only significantly increases the sensitivity 
of our spin relaxation measurements but is also useful 
for many other experiments like for optically pumped 
spin VCSELs or polarization dependent spin relaxation 
experiments. In the following, all measurements are car- 
ried out for resonant excitation of the HH transition of 
the thin QWs. 

In the next step, we distinguish between localized and 
non-localized carriers by the spectral width and lifetime 
of the PL and by spin quantum beat spectroscopy. The 
PL spectrum is at 10 K inhomogencously broadened due 
to QW width fluctuations with a full width at half maxi- 
mum (FWHM) of about 7.5 meV for excitation densities 
< 1 x 10 11 cm- 2 . The FWHM of the PL is larger than 
in comparable (OOl)-GaAs-QWs due to the more com- 
plex growth dynamics of (llO)-QWs. The PL maximum 
remains at constant emission energy for densities below 
5 x 10 9 cm -2 , increases sharply by 2 meV with increas- 
ing density, and remains constant again for densities be- 
tween 2 x 10 10 cm" 2 and 2 x 10 11 cm -2 . This indicates 
a transition from localized to unlocalized electrons and 
an electron disorder localization potential of 2 meV. The 
energy shift of the PL maximum with density vanishes at 
temperatures of about 20 K to 30 K confirming the po- 
tential depth of 2 meV. The PL rise time at 10 K is faster 
than our time resolution and the decay is purely mono- 
exponential for low excitation densities showing that the 
excited carriers are rapidly trapped in the localization po- 
tential. In contrast, the PL transient shows at the same 
temperature but an excitation density of 2 x 10 10 enr 2 
a rise time of about 100 ps which becomes more pro- 
nounced and long-lasting with increasing density. The 
slow rise time vanishes at a lattice temperature of 50 K 
and is an unambiguous signature for cooling of free car- 
riers, i.e., we observe at 10 K with increasing density a 
transition from localized to free electrons and for tem- 
peratures > 50 K only free electrons. We know that 
the 2 meV is the electron trapping potential from spin 
quantum beat experiments whereat the measured elec- 
tron Lande g-factor g e depends at low temperatures and 
low densities on the PL energy and increases linearly from 
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FIG. 2: (color online) Measured temperature dependence of 
t s for excitation densities n = 1.7 x 10 9 cm -2 (left, red dots) 
and 5 X 10 10 cm -2 (right, blue squares) and calculated r s by 
excitonic exchange interaction for a plasma of free electrons, 
holes, and excitons (solid lines). The dashed lines in the left 
figure correspond to the thermal energies of the localization 
potentials. 



-0.119 at 1.5545 eV to -0.1125 at 1.565 eV. In contrast, 
g e is independent of PL energy at T > 30 K, i.e., the 
electrons are delocalized. Accordingly, we study in the 
following a two-dimensional system where the electrons 
and holes experience a 2 meV and a ~ 7 meV localization 
potential, respectively. 

With this background in mind, we study first the tem- 
perature dependence of the electron spin relaxation time 
t s . Fig. 2 depicts t s in dependence on temperature for 
low excitation density n = 1.7 x 10 9 cm~ 2 (left) and high 
excitation density n = 5x 10 10 cm~ 2 (right). In the low 
density case, t s decreases gradually from 500 ps at 5 K 
to 200 ps at 60 K. This decrease reflects the transition 
from localized carriers - like in quantum dots - to free 
electrons and weakly bound holes. At T > 80 K, also 
the holes become delocalized and r s increases sharply by 
one order of magnitude between 80 K and 120 K. We will 
show in the next paragraph that these long r s result from 
the very low exciton fraction fx = nx/(nx + n e -h) in 
the low density electron-hole plasma whereat nx is the 
exciton density and n e _/, the electron-hole density. 

In the high density case, we observe for all tempera- 
tures mainly delocalized electrons and holes. The elec- 
tron spin relaxation time is in this case nearly constant 
between 5 K and 60 K and increases by about 600 % 
between 60 K and room temperature. This measured in- 
crease of t s is in quantitative agreement with the calcu- 
lated electron spin relaxation by excitons including exci- 
ton ionization by optical phonons (solid line) . A compar- 
ison with the low density case shows that r s is at 120 K 
significantly shorter in the high density case. This fact 
might be surprising at first since a higher density implies 
more efficient motional narrowing but the following cal- 
culations show that the shorter t s is directly linked with 



a significantly higher exciton fraction. 

The spin relaxation of electrons in a plasma of free 
electrons, free holes, and free excitons is dominated in 
(HO)-QWs at T < 200 K by spin relaxation due to ex- 
citons. The exciton fraction in a 2D electron gas in the 
Boltzmann limit depends on the carrier density and the 
temperature and is described by the so called Saha equa- 
tion 
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where \i = 0.061 mo is the reduced mass and Eq = 8 meV 
the exciton binding energy. The resulting exciton frac- 
tion at 120 K is for example 3.5 % at a density of 
2 x 10 9 cm" 2 and 37 % at 6 x 10 10 cm" 2 . The spin 
relaxation time of pure excitons reads t^ xc = (f2 2 Tp) _1 
whereat Q is dominated by the long-range exchange in- 
teraction which is according to calculations by Maialle et 
al.[13] n = 69.85 GHz for a 9 nm GaAs-QW and r p is the 
excitons center of mass momentum scattering time. We 
calculate r p by calculating the LO-phonon scattering rate 
according to Ref. [14] and by introducing phenomenolog- 
ically a constant scattering rate of 0.77 ps -1 to account 
for surface roughness scattering and all other residual 
scattering mechansims. The resulting electron spin re- 
laxation time in an electron, hole, exciton plasma is the 
exciton spin relaxation time weighted by the exciton frac- 
tion: t s = r^ xc /fx- The solid lines in Fig. 2 depict 
the calculated r s for free carriers. For the high density 
case and T < 200 K, the calculations are in very good 
agreement with the experiment while for T > 200 K, 
the measured r s is shorter than calculated for two rea- 
sons. Firstly, the electrons scatter at high temperatures 
efficiently into higher subbands and ISR becomes impor- 
tant. Secondly, we observe a significant decrease of the 
PL lifetime with increasing temperature for T > 200 K, 
i.e., electrons jump out of the QW, loose their spin ori- 
entation due to the very efficient DP mechanism in the 
barrier, and a fraction of the depolarized electrons falls 
back into the QW reducing the average electron spin ori- 
entation in the QW. For low densities and T < 100 K, the 
discrepancy between experiment and theory is tremen- 
dous. This is also not surprising since localization dom- 
inates the spin relaxation process. More important, for 
T > 100 K all carriers become delocalized and the mea- 
sured t s approaches theory. For T > 120 K, reliable 
measurements become difficult since t s becomes much 
longer than the PL lifetime and the laser repetition rate. 
Please note, that the measured r s at 120 K is significantly 
longer in the low density case as predicted by the Saha 
equation. 

We have also measured the inplane spin relaxation time 
by applying a transverse magnetic field. The inplane 
spin relaxation time is dominated by the DP spin relax- 
ation and directly yields the electron momentum scatter- 
ing time Tp. This extracted is at temperatures below 
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FIG. 3: (color online) Spin relaxation time versus excitation 
densities for different temperatures ranging from 10 to 300 K 
(the lines are guides to the eye). 



200 K much shorter than the calculated LO-phonon scat- 
tering time and thus related to electron-electron scatter- 
ing. Nevertheless, the LO-phonon scattering time domi- 
nates the excitonic r s confirming the theoretical predic- 
tion that electron-electron scattering does not yield mo- 
tional narrowing in the case of excitonic electron spin 
relaxation. 

Next, we study the density dependence of r s for tem- 
peratures between 50 K and 300 K (see Fig. 3). At 
T > 50 K, the electron spin decays in good approxi- 
mation monoexponcntial for all carrier densities which is 
consistent with the picture of delocalized electrons. The 
slight deviation from a monoexponcntial decay results 
from the change of carrier density in the measurement 
window due to radiative recombination. Most interest- 
ingly, the measured electron spin relaxation time is for 
densities <C 10 12 cm -2 not consistent with the calcu- 
lated spin relaxation by the BAP mechanism which is at 
least one order of magnitude less efficient for densities 
< 10 11 cm -2 (see Ref. [11]). The times are also not con- 
sistent with electron spin relaxation times where holes are 
absent since previous spin noise spectroscopy measure- 
ments in n-doped (llO)-QWs with an electron density of 
1.1 x 10 11 cm -2 yield by two orders of magnitude longer 
electron spin relaxation times. [15] In fact, the measured 
spin relaxation times can only be explained by the exis- 
tence of excitons and efficient electron spin relaxation by 
exciton exchange interaction, i.e., the density dependent 
measurements confirm that r s is really a measure of the 
excitonic influence in an electron hole plasma. For densi- 
ties between 10 11 cm~ 2 and 10 12 cm -2 , r s converges with 
increasing carrier density to approximately the same r a 
for all temperatures between 50 K and 300 K. This mea- 
sured t s of ps 450 ps at a carrier density of 10 12 cm~ 2 
is in good agreement with sophisticated calculations by 
semiconductor Bloch equations for (OOl)-QWs. Thereby, 



the calculations by Zhou and Wu prove that the elec- 
tron spin relaxation is dominated at very high densities 
not by excitonic spin relaxation but by the BAP mech- 
anism. Our experiments also confirm the predictions by 
Zhou and Wu that the BAP mechanism is surprisingly 
temperature insensitive. 

Last, we study the density dependence of t s at T = 
10 K where localization and Pauli blockade plays an im- 
portant role. At this lattice temperature, the spin re- 
laxation is monoexponcntial at low densities with t s « 
500 ps and becomes biexponential at densities > 2 x 
10 9 cm -2 whereat Fig. 3 depicts the initial fast decay. 
A clear transition from mono- to biexponential spin re- 
laxation appears at the same density whereat the PL 
shows a transition from localized to free electrons, i.e., 
this initial fast r s results from free electrons. The elec- 
tron spin relaxation time decreases with decreasing lo- 
calization (increasing density) since the spin relaxation 
time of localized holes is extremely long in comparison 
to free holes, as e.g., in semiconductor quantum dotsflG]. 
An increase of t s in the low density regime due to an ad- 
mixture with unpolarized electrons originating from an 
unintended background doping can be excluded since the 
initial degree of polarization is constant within the error 
bars for densities from 1.7 x 10 7 to 1.7 x 10 11 cm" 2 , i.e., 
for all densities where bleaching can be neglected. The 
density dependence of t s at 10 K not only traces the 
transition from localized to free carriers but also does 
not converge to the same t s at 10 12 cm -2 as at all other 
temperatures. This difference can not result from local- 
ization but reveals the different strength of the BAP spin 
relaxation mechanism for Boltzmann and Fermi statis- 
tics. 

In conclusion, we have performed time- and 
polarization-resolved PL measurements with a high ef- 
ficient spin injection structure that enables us to mea- 
sure the spin relaxation in a (HO)-GaAs-QW over a wide 
range of densities. The special growth direction provides 
access to exciton induced electron spin dynamics in an 
electron, hole, exciton plasma that is for other growth 
direction masked by the highly efficient DP spin relax- 
ation mechanism. The spin dynamics reveals unambigu- 
ously the existence of excitons and proves the decrease of 
the exciton fraction in an electron-hole plasma at thermal 
equilibrium with decreasing densities and increasing tem- 
peratures. Although the electron, hole, exciton plasma is 
well described by the Saha equation, the currently inher- 
ent disorder in (llO)-QWs and the complex spin physics 
adds two degrees of complexity We demonstrated quali- 
tative measurements of the exciton population in thermal 
equilibrium whereat future calculations by semiconduc- 
tor spin Bloch equations, which include the commonly 
neglected exciton population, will enable the extraction 
of the quantitative exciton population and the influence 
of localization. We have additionally verified that the 
BAP spin relaxation mechanism dominates at high den- 
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sities and more importantly that the dependence of the 
BAP mechanism on temperature is extremely weak. 
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